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Abstract 10 
The use of renewable technologies will increase with the requirement to meet carbon reduction 11 
targets. However, this must be done in a sustainable manner. This paper compares the impact of 12 
the current Lebanese electricity system with production of electricity from PV. This is the first 13 
paper to look at how the addition of PV to this system, and explores the potential impact. As 14 
many electricity networks in the region suffer from similar issues and have similar climates this 15 
research will not only inform the Lebanese system, but can be used to influence and inform 16 
impacts of other systems. It evaluates the environmental impact, and therefore the actual 17 
sustainability, of a 1.8 kWp monocrystalline Photovoltaic (PV) system with and without Lead-18 
Acid batteries (PbA) compared to the existing centralised electricity production mix and 19 
decentralised diesel neighbourhood gensets. The analysis is rigorous as it is conducted using the 20 
methodology of life cycle assessment (LCA), using the SimaPro software (Ecoinvent 2.2 21 
database) and ReCiPe 2008 method for impact assessment. The environmental impacts of the PV 22 
technology are compared to that of the existing fossil fuel electricity generation mix. Results, 23 
using the functional unit of 1 kWh, indicate that the PV system, even when equipped with PbA 24 
batteries, has a lower environmental burden per delivered output compared to the Lebanese 25 
electricity mix, and even more so when decentralised diesel neighbourhood gensets are taken 26 
into account. The results of the analysis allows to calculate a series of parameters such as 27 
Global Warming Potential (GWP) (0.0402 kg CO2eq/kWh and 0.0389 kg CO2eq/kWh), Cumulative 28 
Energy Demand (CED) (4.41 MJ/kWh and 4.39 MJ/kWh), Gross Energy Requirement (GER) 29 
(1.23 and 1.22), Energy Pay-Back Time (EPBT) (16.9 years and 16.1 years), Carbon Dioxide 30 
Pay-Back Time (CO2eqPBT) (3.52 years and 3.21 years), and Net Energy Ratio (NER) (1.48 and 31 
1.55) for the PV system with and without PbA batteries.   32 
 33 
Highlights 34 
► ALCA study of a mounted 1.8 kWp photovoltaic system with and without lead-acid batteries is performed. ► The 35 
main impact is related to the modules, inverter, and batteries. ► The comparison of LCA indicate that photovoltaic 36 
systems, even when equipped with storage systems, have less environmental burden on centralized electricity 37 
systems. ► The PV plant is energy sustainable because the EPBT = 16.1 years and reaches 16.9 years when 38 
storage systems are included. ►The results give an indication of the implications of rolling these systems out to a 39 
wider (global) community. 40 
 41 
Keywords: Life Cycle Assessment; Photovoltaic; Environmental impact; Lead-Acid batteries; Energy production 42 
systems 43 
 44 
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1 Introduction 48 
In recent years, the need to exploit alternative energy sources has become important, especially 49 
in order to reduce air pollution and mitigate climate change (Desideri et al., 2012a). The climate 50 
change threat should be a sufficient motive to tackle carbon-intensive lifestyles, based mainly on 51 
a high dependence on fossil fuels. Although the imperative to act on climate change has affected 52 
nearly every sector, the biggest emphasis is being placed on the electricity sector due to its 53 
important contribution to global emissions (nearly 26% of world greenhouse gas emissions) 54 
(IPCC, 2007). This is also driven by the need to meet the energy demand of a growing 55 
population. There are categories of pressure: the limited nature of the fossil energy sources, and 56 
their increasing prices (Sharma and Tiwari, 2013). The new options therefore need to be eco-57 
friendly as well as abundant in nature. In fact, environmental degradation, technological 58 
advancement, public and political awareness are elements that create real perspectives in 59 
development of renewable energies. Among the different available renewable energy resources, 60 
solar energy is relatively more significant in a Mediterranean country such as Lebanon. 61 
Photovoltaic systems have turned into one of the most promising solutions for the urgent 62 
electrification problems of numerous remote consumers worldwide (Kazmerski, 2006 and 63 
Albrecht, 2007). In particular, photovoltaic (PV) technology allows the transfer of solar energy 64 
directly into electricity using the photovoltaic effect, without pollutant emissions during the 65 
operation phase (Goetzberger and Hoffmann, 2005). PV technology is growing globally at an 66 
average rate of almost 55% annually over the past five years, with global installations currently 67 
reaching almost 140 GW (REN21, 2014). This growth can be attributed to the combination of a 68 
steep decline in production costs and continued government support (Laleman et al., 2013) 69 
across several countries. 70 
 71 
However, most of the components of the PV systems are manufactured using fossil fuel intensive 72 
materials and processes, which indicate that significant energy amounts are consumed during the 73 
various life stages of a PV system (Alsema and Nieuwlaar, 2000; Alsema et al., 2006; 74 
Kazmerski, 2006; Menoufi et al., 2013). In order to maintain the best environmental performance 75 
new technologies ought to be assessed on a life cycle basis (Pehnt, 2006) in order to avoid any 76 
error of assessment, especially from a climate change perspective. A photovoltaic system is more 77 
sustainable only if the energy produced during its operating life compensates the total energy 78 
costs that can be estimated through the life cycle assessment (LCA) methodology (Desideri et al., 79 
2012a). In addition, from a wider environmental perspective, the systems must reduce emissions 80 
of pollutants as compared to the electricity from fossil sources it is substituting. 81 
 82 
This paper assesses the environmental evaluation of a mounted stand-alone PV system with and 83 
without lead-acid batteries. This is compared with the impact of the current Lebanese electricity 84 
system (LES) with its two existing configurations: 1) the electricity mix consisting of the 85 
centralised power plants (i.e., the centralised electricity) and 2) the electricity mix consisting of 86 
the centralised power plants and the diesel gensets distributed within neighbourhoods (i.e., 87 
centralised electricity + diesel gensets). In addition, the following parameters are calculated: 88 
global warming potential (GWP), energy and CO2eq payback time, cumulative energy demand 89 
(EBPT and CO2eq.PBT), cumulative energy demand (CED), gross energy requirement (GER) and 90 
net energy ratio (NER). The different aspects of the Lebanese electricity system have been 91 
evaluated previously in terms of technical, financial and environmental capabilities. Chaaban and 92 
Ramadan (1998) presented options for energy conservation in high energy consuming economic 93 
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sectors, while Chedid et al. (2000; 2001) identified the benefits of various energy efficiency 94 
measures to the national economy. Abi Said (2005), Comair (2009) and El-Fadel et al. (2010) 95 
provided an overview of the LES and investigated Lebanon’s potential for renewable energy. 96 
Harajli et al. (2011) investigated the long-term implications and economic performance of 97 
onshore wind power integrated into the Lebanese electricity system, while El-Khoury et al. 98 
(2010) has conducted an assessment of wind power for electricity generation in Lebanon. El-99 
Fadel et al. (2010) evaluated the sustainability of the Lebanese electricity system. El-Fadel et al. 100 
(2003), Ghaddar et al. (2005), Dagher and Ruble (2010) addressed the potential for greenhouse 101 
gas reduction in the power sector. Ruble and Nader (2011) looked at market incentives in solving 102 
the national energy crisis. With the exception of El-Fadel et al. (2010), the above literature lacks 103 
the application of the LCA approach, and although El-Fadel et al. (2010) has looked at various 104 
scenarios for the LES from applying LCA, none of these scenarios included renewable energy 105 
sources.  106 
 107 
There are several knowledge gap that this study addresses:  108 
1) From a broader LCA perspective, while there are various case studies and international 109 
life cycle inventory databases, the Arab region has virtually not engaged in any LCA 110 
studies (Ali et al., 2014). Therefore, the current study populates the literature from a 111 
region where LCA studies are absent.  112 
2) There are also several efforts underway to address the critical need to organize and 113 
centralize a worldwide knowledge base of LCI data sources that will ease identification 114 
and acquisition of available data (Yung et al., 2013) – and this is particularly important 115 
since many developing countries supply resources to developed countries, thus the need 116 
for LCI databases to include products and services from such countries (Tharamurajah 117 
and Grant, 2002). Therefore when such efforts start in a more concerted manner, the 118 
current study would allow the further development of product-specific LCA in Lebanon, 119 
since it represents the LCA of the national electricity.  120 
3) Within the framework of LCA of PV, a wide range of studies can be found in literature, 121 
using various LCA indicators, with the energy pay-back period as the principal interest 122 
with fewer numbers of studies conducted using various impact assessment methodologies 123 
as well as various indicators. Impact assessment methodologies such as the ReCiPe, Eco-124 
Indicator 99 and Eco-Scarcity provide a wider environmental performance prospective 125 
(Menoufi et al., 2013). Therefore, a third gap that this research addresses is the 126 
examination of the performance of a PV system, which is site specific, within the existing 127 
Lebanese electricity system as a case study, through LCA using the ReCiPe impact 128 
assessment methodology. The approach uses a series of indicators and metrics such as 129 
energy pay-back period, global warming potential, cumulative energy demand, gross 130 
energy requirement, carbon dioxide payback time and the net energy ratio. It also 131 
provides a case study for other developing countries with similar weak electricity grid 132 
systems. 133 
4) With the recent national electricity development (introduction of 12% RE in the 134 
electricity mix by 2020), the current study addresses the benefit of introducing a 135 
renewable energy technology (PV) on a kWh produced. As far as the authors are aware, 136 
no comprehensive LCA has been performed for a renewable energy technology coupled 137 
with the Lebanese electricity system. Therefore, this article contributes to the body of 138 
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knowledge on the environmental assessment of a country/region electricity mix which 139 
could be used in various databases.  140 
 141 
2 Description of the LES 142 
The Lebanese electricity sector is run by the Electricité du Liban, an autonomous state-owned 143 
(and therefore, a public monopoly) power utility that generates, transmits, and distributes 144 
electricity to all Lebanese territories. Most of the electricity is generated through 7 major thermal 145 
power plants operating on imported diesel and heavy fuel oil and 3.5-4.5% through hydro power 146 
plants. When circumstances permit, direct power is purchased from Syria (around 7.5%) 147 
(MoEW, 2010). Almost all of Lebanon’s primary energy requirements are imported (Harajli et 148 
al., 2011), since the country does not have any indigenous energy sources (Hamdan et al., 2012) 149 
with the exception of a small share of hydropower. The HFO is bought from SONATRACH, the  150 
largest oil and gas company in Algeria and Africa, with a permissible sulphur content of the 151 
imported HFO of less than 1% (by weight). The Diesel Oil (i.e., gasoil) used in thermal power 152 
stations originate from two sources: SONATRACH and Kuwait Petroleum Company, with a 153 
permissible sulphur content not exceeding 0.5% (by weight). The purchase/import of both HFO 154 
and DO (gasoil) is performed by the government. In contrast, the diesel oil used in decentralised 155 
gensets are imported by the private sector companies from various sources (including European 156 
ones) with a maximum permissible sulphur level of 0.035% by weight (WB, 2008, MoE-UNDP-157 
ECODIT, 2011).This importation drains national revenues and undermines energy security, 158 
currently judged very poor (Cantin et al., 2007; El-Fadel et al., 2010; Dagher and Ruble, 2010; 159 
Ruble and Nader, 2011; Harajli et al., 2011; MoE-UNDP-ECODIT, 2011; Fardoun et al., 2012; 160 
Hamdan et al., 2012). With the recent influx of Syrian refugee population, an increase in 161 
electricity demand in the order of 251 MW to 362 MW is projected by end of 2014, a situation 162 
which requires additional capital investment in generation capacity associated with transmission 163 
and distribution networks (World Bank, 2013), rendering plans for 24-hour electricity farfetched 164 
and thus continuation of the blackout conditions. 165 
 166 
 Although available capacity reached 2,670 MW (Hamdan et al., 2012), actual availability of 167 
electricity has varied from as low as 1,500 MW to a maximum of 2,000 MW due to several 168 
shortcomings. In the case of the thermal plants these include plant failures and rehabilitation 169 
work, fuel supply and interruption of imported electricity from both Syria and Egypt; in the case 170 
of hydropower, rainfall variations, and subsequently water levels (Harajli et al., 2011). In 171 
addition, the transmission and distribution network face two types of problems: technical losses 172 
in the range of 15% and non-technical losses (e.g., theft) amounting to 20% (MoEW, 2010). Due 173 
to these shortages, power cuts average at around 6 hours/day at the country level (GEF, 2011), 174 
with rationing hours unevenly distributed between cities (Dagher and Ruble, 2010). Since supply 175 
does not meet the demand, self-generation, in the form of diesel neighbourhood generators, is 176 
playing an increasing role in providing additional electricity, especially for the industrial and 177 
residential sectors. It was estimated that 33% of total consumed power in 2007 was provided by 178 
standby private diesel power generators distributed randomly throughout the country (World 179 
Bank, 2008). This share has reached 37% in 2012 (as calculated in Table 3). The negative 180 
influence of exposure to emissions from diesel power generators on human health has been 181 
shown previously (see for example Sehlstedt et al., 2007), and diesel engine exhaust has recently 182 
been classified as carcinogenic to humans (IARC, 2012).     183 
 184 
 185 
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3 Description of the PV system 186 
The system under study is a 1.8 kWp monocrystalline photovoltaic system. The modules are 187 
made in the People’s Republic of China. It is installed on the roof of a public school in the South 188 
of Lebanon, at a distance of 110 km from Beirut, the capital city of Lebanon. The installation is 189 
part of the UNDP-CEDRO project (www.cedro-undp.org), a project that aims to complement the 190 
national power sector reform strategy by installing energy efficiency and renewable energy 191 
applications in public facilities throughout the country. The system consists of 24 modules in 192 
total, with dimensions of 119.5cm x 54.1cm x 3cm per module. Table 1 provides the module’s 193 
characteristics and its electrical specifications.  194 
 195 
 Table 1.  Module’s type and electrical and system specifications (at STC) 
Model STP075S-12/Bc 
Type Mono-crystalline 
Total number of modules 24 
Rated Maximum Power (Pmax)/module 75 Wp (total power 1.8 kWp) 
Area/module  0.65 m2 (total area: 15.5 m2) 
Output tolerance ±5 % 
Current at Pmax (Imp) 4.35 A 
Voltage at Pmax (Vmp) 17.3 V 
Short-circuit Current (ISC) 4.72 A 
Open-circuit Voltage (VOC) 21.7 V 
Nominal Operating Cell Temp. (TNOCT) 45°C ± 2°C 
Weight 8 kg 
Maximum System Voltage 1000 V 
Maximum Series Fuse Rating 8 A 
Efficiency 13.1% 
Tilt 45° 
Total weight 192 kg 
 196 
The balance of system (BOS) consists of an aluminium mounting structure an inverter, water and 197 
UV-resistant, flexible multi-stranded cables, 8 lead-acid (PbA) batteries, and a stainless steel 198 
cabinet housing the inverter, batteries and electric parts. The technical details of the BOS are 199 
given in Table 2 below. The system boundary is defined as the pre-manufacturing, 200 
manufacturing, installation and use stages. Recycling and disposal stages are excluded. 201 
 202 
Table 2. BOS components and specifications 
Mounting structure (aluminum) 8.36 kg 
Inverter Studer X tender, Model X TM 4000-48 
4000 W/48 V 
Sine wave 220 vac 
Battery temperature sensor 
22.9 kg 
Made in Switzerland 
Batteries Vented Lead acid (PbA) deep discharge 
Hoppecke, 5 OPzS 250 
6 V 250 Ah C10 
Ufloat = 2.23 V/cell 
d20 C/68F = 1.24 kg/l 
Total weight= 21 kg (max weight) 
Made in Germany 
Cabinet Chromium steel 18/8 
25.2 kg 
Includes 0.047m2 of tin plated chromium steel sheet 
6 
 
4 Life Cycle Assessment 203 
An environmental Life Cycle Assessment (LCA) was completed to illustrate the current 204 
environmental performance of the Lebanese electricity mix, with and without diesel gensets 205 
(self-generation), as well as electricity generation from a 1.8 kWp photovoltaic system installed 206 
in Lebanon. 207 
 208 
LCAs can be used to compare and analyse the environmental impacts of products and services. 209 
This is done  by identifying energy and materials used and waste released into the environment 210 
over the entire life cycle of the process or activity, including extraction of raw materials, 211 
manufacture, transport, distribution, use, reuse, recycling and final disposal (SETAC, 1990). The 212 
life-cycle stages of a product or process begins with the required inputs of raw materials and 213 
energy through the processes and consequences of manufacturing, use, reuse, maintenance, 214 
recycling, and disposal (including the transportation requirements in-between) to the final 215 
outputs in the form of air, water or solid pollutants (EPA, 2006). The technical framework for 216 
LCA consists of four components, each having a role in the assessment (Durlinger et al., 2012): 217 
 218 
1. Goal and scope definition 219 
2. Inventory analysis 220 
3. Impact assessment 221 
4. Interpretation 222 
 223 
The SimaPro Software (V7.3.3) was used to complete the LCA along with the Ecoinvent v.2.2 224 
database. The PV modules and BOS were modelled using the life cycle databases in the 225 
software. Specific changes to the information were made to adjust for site specific conditions. 226 
For the PV system, the Ecoinvent 3kWp mono-crystalline LCA is used (Jungbluth et al, 2009), 227 
while adjusting for the Chinese grid from the database (replacing European grid with Chinese). 228 
For the BOS (Table 2), the inverter information was adjusted from (Jungbluth et al, 2009) to 229 
accommodate the wattage (2,500 W) of the installed inverter (4,000 W), while for the batteries, the 230 
information contained in McManus (2012) were added to the software. Cabinets and mounting 231 
structure are also included; surface area is calculated based on actual installation and using 232 
material information contained in the Ecoinvent database, proper modelling was conducted and 233 
incorporated in the final output. All transportation distances were calculated based on the origin 234 
of the respective components, and modelled accordingly using the Ecoinvent database. The 235 
Lebanese electricity fuel generation mix of the year 2012 (the most recent information available) 236 
were used as the input data as shown in Table 3 (information on generated power were obtained 237 
from the utility directly; the utility also estimated the demand to have amounted to 18,000 GWh 238 
in 2012).. Lebanon’s electricity is primarily generated from oil-fired power plants (91.88%) in 239 
addition to a small portion from hydropower (8.12%). The suppressed demand is met by the use 240 
of decentralized diesel generators at the neighbourhood level, constituting a 37% of the total 241 
electricity generation.  242 
 243 
 244 
 245 
 246 
 247 
 248 
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 249 
Table 3. Lebanese electricity system generation mix in 2012 
Power source 2012 production 
(GWh) 
Share from the 
functional unit 
(1 kWh electricity mix) 
Share from the functional unit 
(1 kWh electricity mix with 
self-generation) 
Thermal power plants 
Zouk (HFO*) 1,897 
0.919 0.58 
Jieh (HFO) 1,218 
Hrayche (HFO) 200 
Deir Ammara (DO**) 2,977 
Zahrania (DO) 2,984 
Baalbecka (DO) 531 
Tyra (DO) 599 
Hydropower plants 
Kadisha 72 
0.081 
0.05 
Litani 680 
Nahr Ibrahim 92 
Bared 54 
Richmaya 20 
Sub-Total 11,324 1 
Self-generation 
Decentralised diesel generators 6,676  0.37 
Total 18,000  1 
a Running on back up fuel due to the unavailability of natural gas 250 
* Heavy Fuel Oil 251 
** Diesel Oil 252 
 253 
The functional unit was selected to be 1 kWh of electricity generated and delivered to the 254 
Lebanese consumer, and the LCA was completed with and without the impacts of the diesel 255 
gensets. This was estimated in terms of the environmental burdens per kWh (as per the 256 
functional unit), and therefore if the diesel powered self-generation (i.e., centralized electricity + 257 
diesel gensets) is excluded the LCA was based entirely on the centralized Lebanese electricity 258 
network (i.e., centralized electricity). Conversely, when the diesel powered self-generation was 259 
included, the LCA was made up of 37% diesel powered self-generation and the remainder from 260 
the centralised power plants. The value-shares applied to the functional unit for both generation 261 
types are shown in Table 3. It was assumed that the average thermal efficiency of a diesel genset 262 
used for self-generation in Lebanon was 20%. In order to slightly offset the lower generation 263 
efficiency, it was assumed that there would be a small saving in transmission and possibly 264 
distribution losses for such generators, with transmission and distribution (T&D) losses 7.5%, 265 
since the electricity from diesel genset has a much shorter distance to travel, and will not pass 266 
through the high voltage transmission lines. As for the centralized electricity generation LCA, 267 
the impact of constructing T&D networks and the losses within the cables (considered as 15%) 268 
are included. There is substantial illegal leaching of electricity (estimated conservatively at 269 
20%), however, this was not considered since from the environmental perspective, the electricity 270 
is generated/consumed and therefore needs to be accounted for. The impact of the low, medium 271 
and high voltage T&D networks were included in the assessment.  272 
 273 
5 Impact Assessment 274 
In a life cycle assessment, the emissions and resources consumed lined to a specific product are 275 
compiled and documented in a life cycle inventory. An impact assessment is then performed, 276 
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generally considering three areas of protection: human health, natural environment, and issues 277 
related to natural resource use (EC-JRC-IES, 2011). Two main groups of choice for category 278 
indicators exists: midpoints and endpoints, where midpoints are considered to be a point in the 279 
cause-effect chain (environmental mechanism) of a particular impact category, prior to the 280 
endpoint, at which characterization factors can be calculated to reflect the relative importance of 281 
an emission or extraction in a life cycle inventory (e.g., global warming potentials as defined in 282 
terms of radiative forcing and atmospheric half-life differences) (Bare et al., 2000). Such 283 
methodologies include EcoIndicators 95. However, for LCA studies that require the analysis of 284 
trade-offs between and/or aggregation across impact categories, endpoint-based approaches are 285 
more suitable (Bare et al., 2000). Such methodologies include assessing human health and 286 
ecosystem impacts at the endpoint that may occur as a result of climate change, ozone depletion, 287 
as well as other categories addressed using midpoint category indicators. Examples of endpoint 288 
methodologies include ExternE and EcoIndicators 99. The ReCiPe methodology, developed by 289 
(Goedkoop et al., 2009) is an LCIA methodology that combines both midpoint and endpoint 290 
category indicators and harmonizes the different approaches taken to LCIA by the widely 291 
accepted CML guide (2002) and the EcoIndicator 99 to produce a single LCIA framework. This 292 
study uses the ReCiPe life cycle impact assessment method. ReCiPe implements the disability-293 
adjusted life year (DALY) in the category of Human Health endpoint impact, which considers 294 
the year of life lost and the year of life disabled due to environmental interventions. Damage to 295 
Ecosystems is described by species lost in a predefined period (species/yr) as a result of 296 
emissions to terrestrial, freshwater, and marine systems. Damage to Resources is calculated as 297 
the economic loss ($) caused by the marginal increase in costs due to the extraction of a resource 298 
(Goedkoop et al., 2009). ReCiPe also employs a cultural theory with three archetypes being used 299 
to describe three groups of considerations and assumptions (Dong and Ng, 2014): Individualist 300 
(I) considers the short-term impact due to the most relevant chemicals. Egalitarian (E), on the 301 
other hand, is based on the precautionary principle that considers long-term perspective and 302 
involves more risks. Hierarchism (H) is balanced perspective based on the common policy 303 
principles. Finally, ReCiPe provides another set of weighting factors (A) by averaging the 304 
weighting factors of the three perspectives. In this study, the "World ReCiPe E/E" weighting set, 305 
referring to the normalisation values of the world with the weighting set belonging to the 306 
egalitarian perspective is adopted. 307 
 308 
5.1 Photovoltaic System 309 
Characterised results are shown in the Figure 1 below, while Figure 2 shows the single score 310 
impact assessment. Results indicate that from the 5 components of the installed photovoltaic 311 
system (inverter, photovoltaic module, cabinet, mounting structure and lead-acid (PbA) 312 
batteries), the impact of the photovoltaic module is the highest, followed by the inverter, the 313 
batteries, the cabinet, and the mounting structure respectively. Human toxicity was ranked as the 314 
major impacts resulting from the photovoltaic module, the inverter and the PbA batteries (0.835 315 
Pt, 0.571 Pt and 0.111 Pt respectively). Climate Change Human Health ranked as the second 316 
most important impact resulting from the photovoltaic module (with 0.197 Pt).   317 
 318 
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 319 
Figure 1. Characterised results of the photovoltaic system (Method: RecipeEdpoint(E) V1.07/WorldReCiPe 320 
E/E/Characterisation) 321 
 322 
Figure 2. Single score impact assessment results (Method: Recipe Endpoint (E) v1.07/World ReCiPe 323 
E/E/Single Score) 324 
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5.2 Lebanese Electricity System and Photovoltaic system 325 
When new technologies enter the market, their environmental superiority over competing options 326 
must be asserted based on a life cycle approach (Pehnt, 2006). Therefore, a comparison of the 327 
Lebanese centralised electricity sector, with and without decentralised diesel gensets, are 328 
compared to the photovoltaic system. 329 
 330 
The results of the LCA of the LES with the PV system are displayed in Figure 3, with the 331 
characterised results for 17 different impact categories. The results indicate that the Lebanon 332 
electricity mix with diesel gensets has a higher impact in all categories with the exception of the 333 
terrestrial ecotoxicity, marine ecotoxicity and metal depletion, compared to the Lebanese 334 
electricity mix without diesel gensets. The first two results can partially be explained by the fact 335 
that large centralised plants have highly concentrated forms of generation, which require large 336 
amounts of cooling water with more concentrated emissions rather than when geographically 337 
dispersed. The marine ecotoxicity results are confirmed in a study regarding the northern coastal 338 
zone of Lebanon by Doumani (2007). In contrast, there is substantial reduction in photochemical 339 
oxidant formation and particulate matter formation, terrestrial acidification, climate change 340 
impacts (both human health and ecosystems categories) and ozone depletion, when considering 341 
only the centralised electricity production.  342 
 343 
This might be explained by the fact that the centralised power stations are equipped with air 344 
pollution control technologies while the diesel gensets are not equipped with any type of air 345 
pollution control. The use of the photovoltaic as a source of electricity generation shows the best 346 
option to reduce environmental impacts. However, with the inclusion of the impact of the 347 
batteries been incorporated in the analysis, the PV system’s LCA indicated an additional 348 
environmental burden since the storage equipment (i.e., batteries) are known to have relatively 349 
high environmental impacts (Majeau-Bettez et al., 2011; McManus, 2012; Rehman and Al-350 
Hadhrami, 2010; Yu et al., 2012). Table 4 indicates the results in endpoint categories. The results 351 
indicate that for the Human Health impact category, the lowest impact is the PV system without 352 
batteries, with the impact increasing by 6.25%, 500% and 724% for the PV system with 353 
batteries, Lebanon Centralised Electricity and Lebanon Centralised Electricity + Diesel gensets 354 
respectively. Similarly for the remaining two impact categories, the impacts increase 3%, 355 
1,253% and 1,892% for Ecosystems impact categories, and 4.4%, 4,360% and 2,667% for 356 
Resources impact category for the PV system with batteries, Lebanon Centralised Electricity and 357 
Lebanon Centralised Electricity + Diesel gensets respectively.  358 
 359 
Table 4. Results per functional unit (1kWh) in endpoint impact categories 
 Centralised Elect. + 
Diesel Gensets 
Centralised Elect. 1.8 kWp PV 1.8 kWp  PV +PbA 
batteries 
Human Health (DALY) 9.23E-06 6.74E-06 1.12E-06 1.19E-06 
Ecosystems (species.yr) 2.65E-08 1.80E-08 1.33E-09 1.37E-09 
Resources ($) 6.74E-02 4.46E-02 2.49E-03 2.60E-03 
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 360 
Figure 3. Characterised impacts of the Lebanese electricity with and without diesel gensets, and of a PV 361 
system (with and without battery), per 1 kWh of delivered electricity (Method: Recipe Endpoint (E) 362 
v1.07/WorldReCiPe E/E/Characterisation) 363 
5.3 Global Warming Potential 364 
The Global Warming Potential (GWP) assessment method, developed by the Intergovernmental 365 
Panel on Climate Change, is frequently used in energy research to investigate the impact of a 366 
product or a service on global warming (Bravi et al., 2007; Heller et al., 2004; Lechon et al., 367 
2008; Mohr et al., 2009). Three GWP methods have been developed, each for a different time 368 
span (20, 100 and 500 year). In this study, the 100 year method was used.   369 
 370 
When exploring the carbon footprint of the four electricity generation categories, using the IPCC 371 
2007 GWP 100a v1.02 impact category, the footprint of 1 kWh electricity produced from 372 
centralised + diesel gensets is 1.23 kg CO2eq/kWh, while the footprint of the centralised 373 
generation is 0.818 kg CO2eq/kWh. The photovoltaic generation with and without batteries are 374 
0.0402 kg CO2eq/kWh and 0.0389 kg CO2eq/kWh respectively as shown in Figure 4. The 375 
ecoinvent v2.2 UCTE indicates a carbon footprint of electricity generation from fossil fuel (oil) 376 
0.885 kg CO2eq/kWh, as compared to 0.818 kg CO2eq/kWh from centralised generation; this 377 
value increases to 0.89 kg CO2eq/kWh when hydropower is excluded from the Lebanese 378 
centralised generation, getting closer to the UCTE fossil fuel value.  379 
 380 
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 381 
Figure 4. The attribute of CO2 reduction of centralized Lebanese electricity generation and the PV cases 382 
(IPCC 2007 100aV1.02/Characterisation) 383 
 384 
5.4 Cumulative Energy Demand and Gross Energy Requirement 385 
The cumulative energy demand, used in renewable energy technology research (Alsema, 1998, 386 
Alsema, 2000; Alsema and Nieuwlaar, 2000; Alsema and de Wild-Scholten, 2005; Huijbregts et 387 
al., 2006; Jungbluth et al., 2007) quantifies all the energy consumed during the life cycle of a 388 
product.  389 
 390 
Total cumulative energy demand for the Lebanese electricity mix with and without diesel 391 
gensets per functional unit (1 kWh) is 18.13 MJ and 11.91 MJ respectively, while for the 392 
electricity generated by the PV system is 4.41 MJ and 4.39 MJ with and without batteries 393 
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respectively (394 
 395 
Figure 5). Consequently the gross energy requirement (GER), which is the life cycle primary 396 
energy inputs required to deliver a good or service to the point of interest (in the case of this 397 
study: 1 kWh) are summarised in Table 5. 398 
 399 
Table 5. Gross energy requirements of electricity technologies per 1 kWh 
Electricity generation technology GER (MJprimary/MJdelivered) 
Centralised Electricity + Diesel Gensets 5.04 
Centralised Electricity 3.30 
1.8 kWp PV 1.22 
1.8 kWp PV + PbA batteries 1.23 
 400 
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 401 
Figure 5. Cumulative Energy Demand of the four systems per 1 kWh (Method: Cumulative Energy Demand 402 
V1.08/Cumulative energy demand/Single score) 403 
 404 
5.5 Energy and CO2eq pay-back time 405 
The energy payback time (EPBT) is the time during which the PV system will produce the same 406 
energy used for its construction and is a frequently used parameter because of its input-output 407 
format and its ease to interpret (Laleman et al., 2013).  408 
 409 
The total amount of used energy in the PV system and the estimation of energy production by the 410 
PV system over its life time are needed. The former is equal to 20,583 kWh (CED calculated to 411 
be equal 74,100 MJ), while the energy produced on an annual basis is 1,272.15 kWh (Arranz et 412 
al., submitted). Therefore, the EPBT is equal to 16.1 years. This is a value that falls higher than 413 
the range of data reported in literature (e.g., Battisti and Corrado, 2005; Vasilis et al., 2008; 414 
Tiwari et al., 2009; Desideri et al., 2012a; Proietti al., 2013), which report EPBT value ranges 415 
between 1 and 6 years, depending on the average site insolation and the installation type. 416 
However, if batteries are taken into account, the CED is equal to 21,611 kWh (77,800 MJ), 417 
increasing the EPBT to 16.9 years. Both the CED and the EPBT are consistent with values found 418 
in recent literature reporting results for PV systems equipped with batteries (see for example, 419 
García-Valverde et al., 2009; and Sharma and Tiwari, 2013).The system under study, with an 420 
estimated life-time of 25 years, will therefore generate almost 1.54 times the energy embodied 421 
(when considered without batteries) and almost 1.47 times the energy embodied during its life-422 
time. 423 
 424 
The total CO2eq kg of the PV system is 5,510 kg and 5,322 kg with and without batteries 425 
respectively (based on the IPCC GWP 100a impact method). The CO2eqPBT calculates the time 426 
required for the PV system to save the exact amount of CO2eq emitted during its entire life cycle. 427 
The CO2eqPBT is primarily dependant on the amount of kWh produced by the system, and the 428 
grid CO2eq /kWh emission factor. The latter was calculated as 1.23 kg CO2eq/kWh and 0.818 kg 429 
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CO2eq/kWh for the Lebanese electricity mix with and without diesel gensets respectively. This 430 
means that the annual CO2eq reduction is 1,567.75 kg/yr (1272.15 kWh x 1.23 kg CO2eq/kWh), 431 
resulting in a 3.52 years CO2eqPBT and 3.21 years CO2eqPBT with and without batteries 432 
respectively. Using a similar approach, and considering the Lebanese electricity mix without 433 
diesel gensets, the CO2eqPBT are 5.3 years and 5.11 years for the PV system with and without 434 
batteries. In both cases, the PV system will displace the embodied carbon dioxide during its life-435 
time.  436 
 437 
However, the outputs from the PV systems will be displacing electricity generated by the 438 
existing Lebanese supply system. Therefore, consequential LCA, which aims to describe how 439 
environmentally relevant flows will change in response to possible decisions (Curran et al., 440 
2005), i.e., use of PV systems, is relevant.  Another useful metric therefore is the total amount of 441 
CO2 reduction that can be achieved from the use of the PV system. This will also allow for the 442 
proper evaluation of the environmental merits of the PV system over the current supply systems 443 
(García-Valverde et al., 2009). Considering that the estimated energy production of the 444 
photovoltaic system in 25 years is 31,803.75 kWh (ignoring annual degradation of PV output), 445 
and assuming that it replaces the same energy produced by the Lebanese supply system 446 
(assuming that it remains unchanged), the avoided emissions from the PV-PbA system are 37.84 447 
and 24.74 tonnes of CO2 when considering the current electricity mix with and without diesel 448 
gensets respectively. In the case of the PV system without batteries, the avoided emissions are 449 
37.88 and 24.78 tonnes of CO2 when considering the current electricity mix with and without 450 
diesel gensets respectively.   451 
 452 
Table 6 provides a comparative assessment to where the studied PV systems stand in terms of the 453 
metrics used above, indicating that both systems (with and without batteries) do fall within the 454 
reported ranges.  455 
 456 
Table 6. LCA results of mono-Si PV systems (adapted from Peng et al., 2013) 
Location Irradiation 
(kWh/m2/yr) 
Module 
Efficiency 
(%) 
Life time 
(yr) 
Perf. 
ratio 
EPBT 
(yrs) 
GHG 
emissions 
(g CO2eq/kWh) 
Reference 
UK 1,253 12.0 20 0.80 12.1 N/A Wilson and Young, 
1996 
Japan 1,427 12.2 20 0.81 8.9 61 Kato et al., 1998 
South-
European 
1,700 13.7 30 0.75 2.6 41 Alsema and de 
Wild-Scholten, 2005 
South-
European 
1,700 14.0 30 0.75 2.1 35 Alsema et al., 2006 
Switzerland 1,117 14.0 30 0.75 3.3 N/A Jungbluth et al., 
2007 
South-
European 
1,700 14.0 30 0.75 1.75 30 de Wild-Scholten, 
2009 
China 1,702 N/A N/A 0.78 2.5 50 Ito et al., 2010 
South-
European 
1,700 14.0 N/A 0.75 1.8 30 Fthenakis et al., 
2009 
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India*  N/A 30 0.55 18.9 N/A Sharma and Tiwari, 
2013 
Lebanon 1,867a 13.1 25 0.58a 16.1 167 Present study 
Lebanon -
Simulation 
1,867 13.1 25 0.76 8.6 89 Present study 
Lebanon* 1,867a 13.1 25 0.58a 16.9 173 Present study 
Lebanon-
Simulation* 
1,867 13.1 25 0.76 9.0 92 Present study 
* These systems are equipped with batteries 457 
a (Arranz et al., submitted) 458 
 459 
5.6 Net Energy Ratio 460 
The net energy ratio (NER) can be interpreted as the amount of energy that a technology can 461 
produce relative to the total amount of energy that was consumed, over the total life cycle, and is 462 
therefore an indication of its life-cycle energy efficiency (Desideri et al., 2012b; Laleman et al., 463 
2013). The NER of both PV systems under study are 1.48 and 1.55 for the PV system with and 464 
without batteries (calculated by dividing the lifetime – 25 years – of the technology over the 465 
energy pay-back time). By definition, a technology with an NER higher than 1 is renewable.  466 
 467 
6 Discussion and Conclusion 468 
A life-cycle assessment of 1.8 kWp Photovoltaic system (both with and without PbA batteries) 469 
was conducted and its environmental attributes compared to the existing Lebanese electricity mix 470 
(both with and without diesel gensets). Of the various components of the PV, the module’s 471 
impact was the highest, followed by the inverter, the batteries, the cabinet and the mounting 472 
structure respectively. This is consistent with a range of different similar studies, which report 473 
the module’s impact being the highest. For example, Desideri et al. (2013), reports, using the 474 
Eco-Indicator99 impact assessment methodology, that the module production has the most 475 
significant part in most of the impact categories. Similar results are also reported in Zhong, et al. 476 
(2011). The PV module’s relatively high total score is associated with the high environmental 477 
impact of the PV cell manufacturing process (Lamnatou and Chemisana, 2014). Of the various 478 
impact categories of the ReCiPe impact assessment method, human toxicity was ranked as the 479 
highest, followed by climate change human health impact. A similar result, using the ReCiPe 480 
methodology, was reported in Mohr et al. (2013) indicating that the highest 2 impact categories 481 
are damage to human health due to climate change and human toxicity. The PV system, even 482 
when equipped with storage systems, has shown that this addition would reduce the 483 
environmental burden per delivered output compared to the Lebanese electricity mix. The 484 
reduction is even more apparent when decentralised diesel gensets are taken into account.  485 
 486 
The remaining metrics, of the PV system without batteries are comparable with values obtained 487 
elsewhere. Regarding the obtained GWP (0.0389 kg CO2eq/kWh) value of the PV system, they 488 
fall within the values reported by de Wild-Scholten (2013) for various types of photovoltaic 489 
systems in the range of 0.02 to 0.081 kg CO2eq/kWh. As shown in Table 6, the EPBT value 490 
(16.1-16.9 years) falls within the higher end of values reported in similar studies ( see e.g., 491 
Alsema and de Wild-Scholten, 2005; Alsem et al., 2006; de Wild-Scholten, 2009; Ito et al., 492 
2010). Though the irradiation is higher in Lebanon, the performance ratio of the PV system was 493 
lower than the rest (0.58) due to technical reasons described in Arranz et al. (submitted). In fact, 494 
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the impact of the presence of blackouts, which forbids the export of solar power, is particularly 495 
acute in the schooling sector – the reason being that the summer months, that are endowed with 496 
the most solar irradiance (and therefore most expected PV generation) also coincide with limited 497 
educational activity, where often only the administration is resent and working for half the day. 498 
This in return, results in the power being curtailed in the absence of the grid. Thus, from a 499 
domestic-PV system perspective, this study fails to convey the full potential of the PV systems. 500 
Therefore, and to cater the results (EPBT and GHG emissions) to load profiles of e.g., 501 
households, recalculating the EPBT and GHG emissions using the theoretical performance ratio 502 
(0.76) yields EPBT and GHG emissions of 8.6 – 9 years and 89 – 92 gCO2eq/kWh respectively  503 
(see simulated Lebanon-SE in Table 6).  The typical average household residential electrical 504 
consumption in Lebanon is reported to be around 7,000 kWh/yr (Houri and Ibrahim-Korfali, 505 
2005); therefore, the system, under its theoretical performance (2,386 kWh/yr) would have 506 
covered  34% of a household need in Lebanon – this means a 4 kWp PV installation is required 507 
in order to satisfy the electricity need of a typical Lebanese household. The simulated results fit 508 
better into the several reported ranges in the literature. Gerbinet et al. (2014) reports a range of 509 
similar metrics (summarizing over 15 different studies) with various different types of 510 
photovoltaic systems and functional units. The reported results, ranges from 1.45 years to 7.4 511 
years for EPBT and 30 to 800 gCO2eq/kWh. Peng et al., (2013) reports a range of 2.1-12.1 years 512 
for EBPT. Sherwani et al. (2010) reviewed a number of PV LCA studies and has reported EPBT 513 
to be in the range of 3.2 – 15.5 years and GHG emissions in the range of 44-280 gCO2eq/kWh for 514 
mono-crystalline PVs. The considerable differences are mainly caused by different factors, such 515 
as irradiation levels, module efficiencies, types of installations, manufacturing technologies and 516 
source of silicon feedstock, estimation methods (Peng, et al., 2013). 517 
 518 
Comparing the environmental impacts of the electricity produced by the PV compared to the 519 
existing centralized mix as well as centralized mix with diesel gensets, the results indicate 520 
substantive environmental merits of the PV. The results using the ReCiPe impact assessment 521 
method’s categories indicate reduced impacts for Human Health, Ecosystems and Resources 522 
categories in the order of 87%, 95% and 96% respectively when compared to the centralized 523 
electricity mix with diesel gensets, and 82%, 92%, 94% respectively when compared to the 524 
centralized electricity mix without diesel gensets. In this respect, the results of this study can be 525 
used for comparative analysis in various countries in the region – Jordan, Syria and the 526 
Palestinian Territories have similar profiles in terms of per-capita electricity consumption for 527 
similar levels of economic development, while in terms of national electricity mix,  Lebanon 528 
(0.72 kg CO2/kWh) exhibits similarities with Iraq, Saudi Arabia, Kuwait and Libya, with heavy 529 
reliance on oil-based fuels for their electricity generation, with energy intensity values of 0.64 kg 530 
CO2/kWh, 0.76 kg CO2/kWh, 0.87 kg CO2/kWh and 0.87 kg CO2/kWh respectively (El Khoury, 531 
2012).   532 
The results show that the PV systems can help produce a low carbon and reliable electricity 533 
supply for Lebanon. Moreover, with the inclusion of batteries, although the impacts are slightly 534 
increased, they still remain far below the current alternatives and produce a mechanism for 535 
delivering a low carbon and reliable system. These results can be applied not only to the 536 
Lebanese situation, but to any other similar areas. 537 
The PV system under study was among the first installed microgenerators designed to cater, 538 
technically, to the Lebanese electricity grid. Trials targeted towards larger commercial and 539 
industrial PV applications are ongoing. In these trials, battery storage, which are prohibitively 540 
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expensive, are replaced by a design to synchronize the PV systems to the existing diesel gensets 541 
when power from the utility is off, and to the national grid when power is on. Future PV LCA 542 
work should consider these systems in terms of their environmental merits. 543 
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